Random amplified polymorphic DNA (RAPD) analysis and multilocus enzyme electrophoresis (MLEE) were used to assess genetic variability in six wild populations and in five laboratory strains of Ceratitis capitata. The RAPD technique reveals larger amounts of genetic variation than the conventional MLEE, and can improve discrimination within and between populations and strains.
Introduction
The economically important species Ceratitis capitata (medfly) is a polyphagous and multivoltine dipteran species which has recently spread from its supposed origin in sub-Saharan Africa to tropical and subtropical areas througout the world (Fletcher, 1989) . The colonization history of this species has been documented and many aspects of its biology and ecology have been investigated (for a comprehensive review see Robinson & Hooper, 1989) .
Multilocus enzyme electrophoresis (MLEE) has already been applied to C. capitata, providing a reliable tool for assessing the genetic makeup of populations (Milani et a!., 1989) , to construct genetic maps of this species (Malacrida et a!., 1990) and to infer taxonomic *Correspondence relationships between the medfly and several other tephritid species . Allozymes have proved the existence of nonrandom distributions of genetic variability in geographical populations of C. capitata: spatial and temporal differentiations characterize this species after its spread from the putative source area to the periphery of its present geographical range Malacrida et al., 1992) . With respect to the colonization patterns, it has been suggested that the medfly populations, like those of Drosophila melanogaster (David & Capy, 1988) , can be divided into three main categories: ancestral, ancient and new populations from sub-Saharan Africa, the Mediterranean basin, and the New World, respectively (Malacrida etal., 1992) .
DNA variability has been used in the study of populations of C. capitata to discriminate between medfly populations using mitochondrial DNA (mtDNA) variation (Frohlich et a!., 1993; McPheron et al., 1994) . Recently, techniques based on the polymerase chain reaction (PCR) using random primers have provided a powerful tool for producing a large amount of anonymous genetic markers called RAPD (random amplified polymorphic DNA) (Williams et al., 1990; Welsh & McClelland, 1990) . These techniques reveal larger amounts of variation than the conventional MLEE, and may improve discrimination both within and between populations from various species (Hadrys ci al., 1992; Hedrick, 1992; Black 1V 1993) . RAPD analysis has already been applied to C. cap itata, proving that this approach rapidly generates a large number of markers for genome mapping and for population genetics (Gasperi et a!., 1993; Haymer & Mclnnis, 1994) .
In this paper, we compare genetic polymorphisms detected by RAPD and MLEE in several wild samples and laboratory strains of C. capitata. The aim of this work is to confirm and to extend the previously established knowledge on the genetic structure and differentiation of medfly populations (Gasperi ci ai., 1991; Malacrida et al., 1992) . In C. capitata, RAPDs reveal a surprisingly high level of hidden genetic variability mainly in wild African populations, which decreases in the peripheral ones to levels similar to those observed in some laboratory colonies. These data are generally consistent with the results obtained by MLEE, although they can reveal different features of differentiation between medfly populations.
Materials and methods

Populations of C. capitata
Six natural different geographical populations (Kenya 1; Kenya 2; Morocco; Italy; Reunion; Australia) and five laboratory strains (Ispra; Israel; Metapa; M84; Hawaii) having different colonization histories were analysed. The wild samples were collected in 1992 as pupae and adult individuals were assayed after emergence. Kenya 1 and Kenya 2 samples were collected on coffee berries in two localities near Nairobi, Kenya, at Ruiru and Kabete, respectively. The Moroccan flies derive from the Argania spinosa forest on the western coast of that country. The Italian sample was found on figs near Milan, North Italy, in September 1992. The samples from Reunion and Australia (Perth) were collected from different fruits.
Hawaii, Israel and Ispra are laboratory strains, 35, 20 and 25 years old, respectively. They have been maintained in our laboratory since 1992, 1990 and 1979, respectively. The first two strains were established from flies collected in the corresponding countries whereas the Ispra strain (C.E.C. Joint
Research Centre, Ispra, Italy) was derived from flies from Sicily and Greece, and is regarded as a standard laboratory strain for our allozyme surveys. Metapa was obtained in 1990 from the MOSCAMED Biofactory, Tapachula, Chiapas, Mexico. M84 is a laboratory line derived from a single family produced by a backcross between the laboratory strains South Africa and the multimarked dp; bwb; ye2. This line was established to maintain the polymorphism at the following morphological and biochemical loci: dp (dark pupae), Got2 (3rd chr.); bwb (brown body), Zw, F/i (5th chr.); ye2 (yellow eye 2), Got1 (6th chr.). All the laboratory strains are maintained at the Laboratory of Zoology, Department of Animal Biology, University of Pavia.
Multilocus enzyme electrophoresis (MLEE)
Single fly homogenization and electrophoretic procedures were performed according to a previous survey of medfly populations Random amplified polymorphic DNA (RAPD) analysis DNA preparation from single flies was performed as described by Bender ci al. (1983) with modifications. Single flies were ground in Eppendorf tubes, each containing 200 uL of 100 mt NaC1, 200 mrvr sucrose, 100 mM Tris-HC1 (pH 9.1), 50 mM EDTA, 0.5 per cent SDS, and proteinase K to a final concentration of 100 Aug/mL. After adding another 200 uL of grinding buffer, the homogenate was incubated at 65°C for 30 mm. Then 8 M potassium acetate was added to a final concentration of 1 M, and the mixture was kept at o°c for 30 mm. After centrifugation for 15 mm at 15800 g, the recovered supernatant was mixed with two volumes of absolute ethanol, left at room temperature for 5 mm, and centrifuged again for 15 mm at 15800 g. The resulting precipitate was washed in 70 per cent ethanol and in absolute ethanol, dried and resuspended in 25 uL of TE (10 mii Tris-HC1, pH 8,1 mi EDTA).
The DNA from five individuals of each population sample was amplified using the following oligonucleotide primers. 
Data analysis
Allozyme frequencies, mean heterozygosities (H), genetic distances (D) and F-statistics were computed on allozyme data, as described by Nei (1972) and Nei & Chesser (1983) , using the BIOSYS-1 program of Swofford & Selander(1981) .
The numerical taxonomy methods (Sneath & Sokal, 1973) and the NTSYS (Numerical Taxonomy System) program by James Rohlf (Applied Biostatistics, Setauket, New York) were used for analysing the PCR amplified polymorphisms. The dissimilarity index (d) was calculated by comparing banding patterns between pairs of individuals, according to the following formula: 1995 The Genetical Society of Great Britain, Heredity, 74,4.
where NA and NB are the number of fragments in individuals A and B, respectively, and NAB is the number of fragments that differ between the two individuals (Gilbert et a!., 1990; Yuhki & O'Brien, 1990 ). If we compare n individuals from the same population and average the [n1 X (n1 -1)72] dissimilarity values, we obtain an estimate of within-population dissimilarity; on the other hand, the dissimilarity value between different populations is given by the average of the [n1 x n2] dissimilarity values between the n1 and n2 individuals of the two populations. The computations are based on five individuals per population. In fact, running DNA samples from five individuals per population on large gels reduced band interpretation errors, often encountered in scoring RAPD band matches from individuals of different populations on separate gels. Furthermore, it is generally accepted that a high number of genetic markers may counterbalance the relatively low number of individuals and may therefore reduce the sampling variation of the dissimilarity estimates.
Trees showing relationships between individuals or populations were generated by the UPGMA method of cluster analysis on the values of the pairwise dissimilarity matrix.
To estimate the congruence between the two sets of data (MLEE and RAPD), the correlation between the distance matrices of allozymes and the dissimilarity matrices of RAPD was calculated with the nonparametric permutation test of Mantel(1967) .
Results
MLEE analysis of C. capitata populations
Out of the 26 enzyme loci listed in Materials and methods, 22 were found to be polymorphic over the examined wild populations and laboratory strains of C.
capitata. The four loci Ak1, Ad/i2, a-Gpdh and Me were uniformly monomorphic, and the total number of alleles scored by MLEE in the 11 population samples was 74. Allele frequencies generally follow Hardy-Weinberg expectation within each population.
The amount of allozyme variability within each population is summarized in Table 1 . In the wild population samples, statistics such as average number of alleles per locus (A ), proportion of polymorphic loci (P) and average number of heterozygous individuals (H) seem to be related to the evolutionary history of the populations, given the general trend of decreasing genetic variation from the putative African source area (Kenya) toward the periphery of the species range, as already assessed in a previous survey . The estimates observed for the wild peripheral populations (Italy, Australia) are in the same range as those detected in the laboratory strains. Among the latter, M84 shows the highest values for variability, as expected, because of the artificial selection for polymorphism (see Materials and methods).
RAPD analysis of C. capitata populations Genomic DNAs of individuals randomly sampled from the same populations of C. capitata already analysed by MLEE, were amplified by PCR using single arbitrary primers. RAPD patterns in individual flies show about 10-20 main bands, ranging from 50 to 2000 bp in size. The same patterns were obtained in independent experiments with the amount of template DNA varying between 500 and 50 ng. The reproducibility of these RAPD patterns is shown in Fig. 1 . Our experimental conditions for generating RAPD markers are different from those reported in the standard protocols (Williams et a!., 1990; Welsh & McClelland, 1990) . The reproducibility of this modified method has been already tested in other organisms (Bandi et al., 1993) . The Mendelian segregation of the DNA fragments as dominant markers was verified by single-pair matings and the attribution of several RAPD markers to the linkage groups of C. capitata, already constructed with biochemical and morphological loci (Malacrida et a!., 1990) , are in a manuscript in preparation. Variation within and between populations is regarded as presence/absence of a given band, because, owing to the dominance of RAPD markers, the products is produced by the other primers used (494N, Dl 7, NP4). We can exclude the possibility that the similarity of banding patterns in laboratory strains results from contamination, given that certain biochemical and morphological markers allow us to recognize many of these strains. Histograms showing the number of fragments generated by PCR in five individuals, and the trends mentioned above are given in Fig. 3 for each primer. Each primer generates a variable number of bands, depending on the population surveyed. Generally, the proportion of monomorphic bands exceeds that of polymorphic ones in the laboratory strains as well as in the wild peripheral populations (Italy and Australia). The African ifies are clearly more polymorphic than the peripheral and laboratory populations. Out of the four primers used, NP4 appears to be Amplification products were obtained using a NP4 primer of arbitrary nucleo-246 tide sequence and were resolved by electrophoresis in a 3 per cent (w/v) agarose gel which was stained with ethidium bromide. The dissimilarity index can be considered as a rough approximator of heterozygosity, based on the genetic model of Gilbert et al. (1990) and Lynch (1990) for DNA fingerprint evaluation. The correlation between the heterozygosity (MLEE) and the dissimilarity index (RAPD) over the 11 populations is 0.67, which is significant at the 5 per cent level by the standard test for significance of the correlation coefficient. In Fig. 6 we show the scatter of populations and the regression line of the dissimilarity indices on the heterozygosity values. Most of the points are fairly close to the line; exceptions are the Reunion sample, which appears to be highly heterogeneous at the DNA level, and the laboratory strain M84, where a high heterozygosity value is expected, based on the polymorphism at biochemical loci in this strain.
Two UPGMA dendrograms showing relationships among the 11 medfly populations were constructed on average dissimilarity values for the RAPD data (Fig.  7a) , and on Nei's genetic distances inferred from allozyme frequencies (Fig. 7b) However, the MLEE approach highlights the biochemical genetic differentiation of the laboratory strains Hawaii and M84. index (FST) estimates in all the populations assayed, confirming the contribution of single biochemical loci to the differentiation of Reunion, Hawaii and M84.
Private alleles at the loci Est1 and Est2 mainly contribute to the Hawaii differentiation whereas the differentiation of M84 derives from the contribution of the loci Got2, Hk1, Got1 and Fh. The loci Es,'1 and Est2 also contribute to the Reunion differentiation, as previously assessed (Gasperi eta!., 1991) . 
Discussion
Allozymes and RAPD markers have been used to analyse the species C. capitata, and to relate intraspecific variability to the differentiation of its populations. RAPD markers detect arbitrary DNA sequences in the genome whereas allozyme markers allow one to infer variation at protein coding sequences. As both these kinds of markers are widely distributed over the genetic maps of C. capitata (Malacrida et a!., 1990; Baruffi et al., unpublished data), they can be considered an unbiased sample of the medfly genome.
The evaluation of DNA polymorphism is based on the phenotypic rather than the genotypic level, unlike MLEE. It is well known that RAPD bands of equal size obtained with the same primer in different individuals do not necessary represent the same locus, and indeed the absence of an RAPD band may represent multiple allelic forms of a locus (Black IV, 1993) . However, these difficulties were minimized by choosing RAPD markers, the majority of which follow Mendelian segregation (L. Baruffi et a!., unpubi. data). Therefore, we are confident that the polymorphic RAPD markers in the present study behave as individual loci having dominant and recessive alleles (DNA band presence or absence, respectively). RAPD data have been computed using the model of fingerprint analysis, making the assumption that RAPD markers are in Hardy-Weinberg equilibrium within and between loci (Gilbert et a!., 1990; Lynch, 1990 ). All the above assessments obey the criteria proposed by Clark & Lanigan (1993) for estimating population genetic parameters using RAPD data.
The results obtained from the allozyme analysis are consistent with the genetic structure of C. capitata populations revealed by previous analyses. Genetic parameter estimates, such as the average number of alleles per locus, the proportion of polymorphic loci and the average number of heterozygous individuals, are correlated with the geographical distribution and the recent colonization history of medfly populations (Gasperi eta!., 1991; Malacrida eta!., 1992) .
The RAPD analysis reveals a surprisingly high degree of polymorphism in C. capitata. The number of RAPD markers, identified in the medfly populations using four primers, exceeds about sevenfold the number of the biochemical loci analysed (176 vs. 26). In addition, the degree of polymorphism revealed by these RAPD markers is extensive: in the wild populations, the mean proportion of polymorphic DNA fragments is 0.66 whereas that for polymorphic biochemical loci is 0.38. Only two monomorphic RAPD fragments are conserved in all the individuals analysed. Several fragments are limited to some populations and/or individual flies. Unique bands characterize individual flies in the wild African populations (Kenya and Reunion), and the extremely variable patterns in these populations can represent DNA fingerprints. All these data demonstrate that there is a vast reservoir of unknown nuclear DNA polymorphism in the mecifly. The RAPD approach adequately describes this hidden genomic variation and can be RAPD bands and biochemical alleles found in the Kenya population with respect to the derived ones, indicates that this population has the attributes of an ancestral tropical polyphagous population (Fletcher, 1989) , which according to Nei's theory (Nei et a!., 1975) has maintained a large size over time. Therefore, Nei's genetic distance the highest level of genetic variability found in Kenya supports the general opinion that this population is present in the source area of the species (Huettel et al., 1980; . The dispersion itself might explain a reduction in variability, at the DNA and protein level, in the derived populations as a consequence of bottlenecks in population size (Nei et al., 1975) . The estimated correlation between RAPD and MLEE data suggests that the biochemical and molecular markers seem to be similarly affected by factors such as population size and drift during the colonization process. However, the amount of variability decreases fivefold from the ancestral to the peripheral populations when measured at the allozyme level (H ranging from 0.154 to 0.030) and only twofold when estimated at the DNA level (d ranging from 0.387 to 0.158). The peripheral populations appear, indeed, to lose less variation at the DNA level than at the protein level. The variation at the DNA level is detected at 1995 The Genetical Society of Great Britain, Heredity, 74, 4.
random sequences of the genome, and consequently it may represent noncoding sequences. Different parts of the genome can evolve at different rates (Kimura, 1983; Nei, 1987) . Therefore, it is possible that one or several regions amplified by PCR evolve at a higher rate compared with the enzymatic loci. Thus the variation gain can be explained as a result of the higher evolutionary rates of the DNA regions amplified, especially if they contain micro-and/or minisatellites. Variation detected at the protein level can be generated by processes different from those working on the entire genome. Although mainly drift may contribute to the decreasing variation at the anonymous DNA sequences (RAPD), directional selection may have reinforced the action of drift in the reduction of variability during the colonization processes at the protein level. A similar conclusion has been reported by Begun & Aquadro (1993) who pointed out that, in Drosophila melanogaster, the variation in restriction sites of specific DNA loci and for allozymes probably experienced substantially different evolutionary dynamics. It may be of some interest that the primer NP4 is the most efficient at highlighting the trend of decreasing variability from the ancestral to the derived populations. This primer may target some medfly chromosomal regions related to the colonization processes. That this primer detects a very low degree of polymorphism in laboratory strains supports this hypothesis. Fixation of specific markers in these strains may be the result of inbreeding from long-term laboratory maintenance.
Another genetic aspect of the spread of C. capitata is the differentiation of its populations. Differentiation processes can be inferred from the genetic distances at both DNA and protein levels. The trees of Figs 7a and b show that Nei's genetic distance and the average dissimilarity estimates between wild African, Mediterranean, and Australian samples both reflect the events during the colonization of the species. At both protein and DNA levels, a major part of the intraspecific variability involves the differentiation of central vs.
peripheral populations. Reunion appears to be the most differentiated population in both the trees. However, the potential causes of this differentiation are different at the protein and DNA levels. At the protein level, the main contribution to the differentiation of this population is given by the presence of fixed alleles at certain biochemical loci (Est1 and Est2), which have been previously proposed as possible targets of natural selection in this population . On the other hand, at the DNA level, the high dissimilarity index value found between individuals of this population ( The laboratory strains show a certain degree of genetic similarity at the DNA level, despite their different origins; at the protein level they show either a high genetic similarity or a striking difference (Hawaii, M84). Their colonization histories, laboratory adaptation effects and allelic fixation from random or nonrandom inbreeding, singly or in concert, have produced the observed results in these strains.
In conclusion, the contemporary use of RAPD and MLEE seems to give a very congruent picture of the population structure of C. capitata, for which drift and selection are the major causes of differentiation. On the other hand, when other genetic constraints interfere with drift, as in the laboratory strains, incongruence appears between the two methodological approaches.
